Abstract Eleven years of dual-polarization weather radar data, complemented by satellite and lidar observations, were used to investigate the origin of areas of localized intensification of precipitation spotted in the vicinity of Helsinki-Vantaa airport. It was observed that existing precipitation is enhanced locally on spatial scales from a few kilometers to several tens of kilometers. The precipitation intensity in these localized areas was 6-14 times higher than the background large-scale precipitation rate. Surface observations and dual-polarization radar data indicate that snowflakes within the ice portion of the falling precipitation in the intensification regions are larger and more isotropic than in the surrounding precipitation. There appears to be an increase in the ice particle number concentration within the intensification region. The observed events were linked to arriving or departing air traffic. We advocate that the mechanism responsible for intensification is aircraft-produced ice particles boosting the aggregation growth of snowflakes.
Introduction
It is known that aircraft can produce ice particles in supercooled liquid clouds (Rangno & Hobbs, 1983; Woodley et al., 2003) . This type of ice particle production may lead to inadvertent cloud seeding or glaciation and formation of hole punch and canal clouds, also known as fallstreak holes. Rangno and Hobbs (1984) and Woodley et al. (1991) have shown that aircraft exhaust is of negligible importance in aircraft-produced ice particle (APIP) formation. The study performed by Woodley et al. (1991) also shows that ice particles can be detected without any evidence for aircraft shedding of ice splinters. The main explanation is that APIP formation is caused by adiabatic cooling; the airflow over aircraft wings adiabatically cools the air locally by about 20°C, which leads to extremely high supersaturations (Gierens et al., 2009 ). According to Vonnegut (1986) , the expansion of air behind aircraft propeller tips may produce a temperature drop of up to 35°C. This could lead to condensation and homogeneous freezing of water starting glaciation and rapid growth of ice crystals through the Bergeron-Findeisen process. Pedgley (2008) , Heymsfield et al. (2010) , and Heymsfield et al. (2011) studied the structure and behavior of hole punch clouds and showed that these can be linked to air traffic. Westbrook and Davies (2010) documented the microphysics and dynamics of hole punch clouds by using ground-based remote sensors: ceilometer and radar. Furthermore, Heymsfield et al. (2011) have argued that APIPs could lead to an increase of precipitation intensity in the vicinity of airports.
In the Helsinki region it is not uncommon to observe localized intensification of precipitation (LIP) occurring within a larger area of widespread precipitation. In this article we report 17 days during which multiple LIPs were observed. The observed spatial and temporal scales of LIP were on the order of a few kilometers and 30 to 60 min. The precipitation intensification is often seen in weather radar images, ©2019 . American Geophysical Union. All Rights Reserved.
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• Movie S2 where radar effective reflectivity factor (Z e ) values show local narrowband-like features, that is, trails; and, in the range height indicator (RHI) scans, these features appear as "streamers." A comparison of the precipitation intensity within and outside of LIP events shows increases in the observed precipitation rate of factors of 2 to 10. Polarimetric radar variables, such as Z dr and ρ hv , inside and outside of the ice portion of LIP are detectably different, indicating changes in snowflake physical properties and therefore in the growth processes that lead to their formation. The observed signatures are similar to the ones recorded in the snowgenerating cells (Kumjian et al., 2014) . The observed features are matched with individual aircraft, either arriving or departing from Helsinki-Vantaa airport.
The observed phenomena appear to be related to hole punch clouds as suggested by Heymsfield et al. (2011) . In the observed LIP events, however, we observe the modification of preexisting precipitation and not the glaciation of a single supercooled liquid cloud layer. There are often several cloud layers present, with APIPs seeding lower cloud layers. Even though we argue that LIP has an anthropogenic cause, the reported phenomenon demonstrates how cloud-to-precipitation processes work in mixed-phase clouds and what processes may be responsible for the intensification of precipitation occurring under natural conditions. It demonstrates that aggregation growth of snowflakes and ice phase cloud seeding are important processes in multilayer clouds, as discussed in, for example, Moisseev et al. (2015) and Schrom and Kumjian (2016) , augmenting the analysis presented by Verlinde et al. (2013) , Moisseev et al. (2017) , Kumjian et al. (2016 Kumjian et al. ( , 2014 , and Giangrande et al. (2016) discussing the importance of riming.
Measurements
For this study we used Kumpula weather radar effective reflectivity factor (Z e ) and differential reflectivity (Z dr ) observations from December 2008 to January 2018. The Kumpula (KUM) C-band weather radar is a dualpolarization radar system installed at the University of Helsinki Kumpula campus. It is located on the top of the Department of Physics building at approximately 30 m above ground level. To aid characterization of the observed phenomena, both plan position indicator (PPI) and RHI scans were analyzed. Both sets of scans were performed within the same 10-to 15-min time interval. The radar observations presented here were processed using the Python ARM Radar Toolkit (Py-ART; Helmus & Collis, 2016) .
During one event, several LIP passed over the University of Helsinki surface precipitation measurement site in Järvenpää (60.48 N, 25 .07 E), where we utilized a Particle Video Imager, PVI (Newman et al., 2009 ) to obtain information on the particle size distribution at the surface both within and outside LIP. The PVI is a particle imager that uses a digital camera to record particles that fall between the camera and backlight lamp. The lamp is located approximately 2 m from the camera. Because of the open fetch the measurement setup minimizes the impact of wind on falling precipitation particles. PVI records shadow images of the particles falling through the focal point from which the particle size distribution is calculated and a general understanding of the particle type can be inferred.
To investigate what role supercooled liquid cloud layers play in forming LIP, a Doppler lidar and satellite data were used in addition to the radar observations to study several cases from 2009-2013. The Halo Doppler lidar, located in Kumpula, operates at a wavelength of 1.5 μm and provides vertical profiles of attenuated backscatter coefficient, Doppler velocity, and the depolarization ratio with high spatial and temporal resolution (Hirsikko et al., 2014) . These parameters were used to detect the presence and location of the lowest supercooled liquid layer using the method described in Hogan et al. (2003) and corroborated with low values of the depolarization ratio, as discussed in section 3.
For some of the events, MODIS (Moderate Resolution Imaging Spectroradiometer) data from the satellites Terra and Aqua were used to estimate the upper cloud phase and cloud top height (MOD06 and MYD06 level 2 data). Radiosoundings from Jokioinen (approximately 100 km NW from Kumpula) and satellite cloud top temperature data were used to provide the prevailing conditions at the LIP formation height and cloud top.
Data Analysis and Results
LIP Identification
The first step of the study is the case selection. Since the installation of the Kumpula radar in late 2004, the list of interesting radar events is maintained by one of the coauthors (M. L.). It was observed that in some cases, low elevation angle PPI observations exhibit linear or piecewise linear enhanced reflectivity features, as presented in Figures 1 and 2 . The dual-polarization observations in these areas are also different from those in the surrounding large-scale precipitation. Days during which low elevation angle PPI observations exhibited features similar to ones shown in Figures 1 and 2 were selected for further study. Typically, during these days more LIP signatures were observed and further analyzed. A list of all such events is given in Table S1 in the supporting information.
As the result of the case selection, 17 event days were identified. During these days, multiple LIP cases were observed. The total number of identified LIP exceeds 60, of which 23 had supporting satellite and/or lidar data.
Since the focus of this study is to understand the physical processes responsible for LIP, we focus on the 23 cases where supplementary observations either by lidar and/or satellite are available. The LIP events analyzed in more detail are listed in Table 1 together with the supporting data availability.
Matching LIP to Aircraft Paths
To verify our inference that the observed phenomenon is caused by aircraft, we have examined the individual flightpaths at the time of LIP events. The aircraft data are available from a web service Planefinder (http://planefinder.net/; last accessed on 29 May 2018). This web service data go back to April 2011, so connecting LIP cases to air traffic is only possible beginning on this date. It was observed that in most cases, before the Kumpula (or Kerava) radar detects a LIP event, there was at least one aircraft present in the area of interest (within 2-10 km from the observed feature). The distance between the flight path and LIP is determined by the advection of precipitation. In most cases an aircraft would be approaching the Helsinki-Vantaa airport at an altitude of 3,000 to 3,400 m and then rapidly descend in the vicinity of the airport. Therefore, if the cloud layer height coincides with the approach altitude, the resulting LIP has an elongated shape and can extend over several kilometers. In cases where the cloud layer is penetrated during rapid descent or ascent the LIP is more localized. The LIP shape and its relation to the aircraft flightpath is similar to hole punch and canal clouds (Heymsfield et al., 2010) .
Given that the LIP cases were identified in low-level PPI scans, there was about 30-to 40-min time lag between the corresponding aircraft track and observed precipitation enhancement. This time lag was considered while matching the aircraft track and LIP radar signatures. The time delay effect is clearly visible in Figure 3 , which shows RHI observations that transect the LIP shown in Figure 1 . The figure shows that the RHI scan at 0655 UTC exhibits reflectivity enhancement at 15-km range and altitudes between 2,000 and 2,500 m. This feature reaches the ground at 0725 UTC.
The observed LIP signatures and aircraft flight paths were matched based not only on the distance between the two but also on their appearance. For a good match flight path geometry should match the appearance of LIP. Examples of such matches are shown in the supporting information.
LIP Height Analysis
We hypothesize that LIP are caused by APIPs that glaciate/grow in a supercooled liquid cloud layer and these particles seed lower precipitating cloud. This implies that there should be a liquid cloud layer above the precipitation. This cloud layer is not likely to be visible in radar observations, though, as the cloud droplets are too small. The air temperature in this layer should be around −15 to −20°C, such that adiabatic air expansion behind aircraft wings or propellers would lead to condensation and homogeneous ice nucleation (Heymsfield et al., 2010) .
Given that radar observations may not be sensitive enough to detect liquid cloud layers where LIP are originating, data from MODIS and lidar are also analyzed for several events. Figure 4 shows the height information for individual LIP cases. The precipitation top height (Figure 4 : blue squares) is determined from the RHI scans where precipitation is diagnosed (Z ≥ −10 dBZ) at 10-km distance from the radar.
The initiation height of LIP was determined for 21 cases (Figure 4 : black dots) by visually inspecting the RHIs and PPIs and identifying where the streamer (high Z and small Z dr compared to the surrounding area, see Figures 1 and 2) is first detected. It should be noted that these cases were selected based on the procedure discussed in the previous section.
A total of 19 LIP cases had simultaneous Doppler lidar data available, and an example from 26 January 2012 is shown in Figure 5 . Very strong scattering is exhibited by liquid water layers at lidar wavelengths due to the high droplet number concentration, usually >10 Satellite data were used to determine the vertical extent of the liquid layer and to ascertain whether there were another liquid layer present above. Coincident satellite data were available in nine cases (see Table 1 ) in a 100-km × 100-km area around the Kumpula radar. In eight cases, at least 20% of the observation area was covered with mixed or water phase clouds. For these eight cases the mean mixed or water phase cloud top heights were calculated from the MODIS cloud top pressure data (Figure 4 , magenta triangles). In the remaining case (15 February 2013) MODIS detected only ice phase clouds but note that the MODIS cloud phase product only determines the phase of the highest cloud layer with no information for any intervening clouds beneath.
This analysis shows that LIP originates at or above the precipitation top. Given the radar sensitivity, only LIPs at a relatively mature stage can be detected, which may explain why in most cases LIP and radar-based cloud top heights coincide. The satellite data analysis shows that, in the majority of cases analyzed, there is an indication that a supercooled cloud layer is present above the precipitation.
Temperature
To identify the temperatures at which LIP are formed, radio sounding and satellite measurements of air temperature were analyzed for the selected cases. In Figure 6 , temperatures at the heights where LIPs, appearing as a streamer in RHI observations, were first detected are shown and compared to the MODIS cloud top temperature product, calculated as the mean cloud top temperature in the region where mixed or water phase clouds were detected. The temperature for LIP detection height from −10 to −15°C and these values are somewhat warmer than expected for the formation of APIPs (Heymsfield et al., 2010; Heymsfield et al., 2011; Pedgley, 2008) .
During the analysis, we noticed that, in the majority of cases, aircraft approach the Helsinki-Vantaa airport at altitudes between 2,500 and 3,000 m before their final descent; hence, the temperature at 3000 m is shown in Figure 6 . Additionally, the 5,000-m temperature gives an indication of the lowest temperature likely to be of importance in the observed cloud processes. Both Kumpula and Kerava radars are research radars with scan strategies that are modified according to research needs. Because of this the temporal resolution of measurements used to detect formation of LIP is 5 to 15 min. This temporal resolution means that LIPs could have formed up to 300 to 900 m above the height where they were detected, assuming a snowflake fall velocity of 1 m/s. This would put the LIP formation height closer to the cloud top, in temperatures closer to the expected range in which LIP would form.
Snowfall Rate
From the recorded PPI measurements we have identified 11 days where the aircraft-induced snowfall reached the ground level; see Table S1 in the supporting information. For these days we have computed the snowfall rate, Z dr , and copolar correlation coefficient values using observations inside the trails and immediately outside the trails using the lowest available PPI observations.
The snowfall rate, S, is derived from radar reflectivity, Z. To consider potential uncertainties, the snowfall rate values were calculated using two distinct Z-S relationships; the Finnish Meteorological Institute climatological relationship (Saltikoff et al., 2010) ,
where S is in millimeters per hour and Z is the equivalent radar reflectivity factor in millimeters to the sixth power per meter cube; and
by Huang et al. (2015) .
The comparison of S and Z dr values inside and outside the streamers is shown in Figure 7 for all the recorded cases. In every case the snowfall rate (Figure 7 ) is larger inside than outside the streamer; the snowfall rate can be as much as 6 times higher within LIP. On average, the equivalent reflectivity values were observed to be 14 dB larger inside of LIP. The average Z dr values (Figure 7 ) are about 4 times smaller inside the LIP indicating that particles inside the streamers are more spherical and/or less dense than those outside. This is also supported by larger copolar correlation coefficient values inside of LIP. It should be noted, that in some cases, Z dr values inside of LIP were higher than expected from aggregates (Li et al., 2018 ; see, e.g., Figure 3 ), that is, around 2 dB, which may be attributed to a mixture of crystals and snowflake aggregates (Keat & Westbrook, 2017) .
Of course, the Z e -S relations inside and outside of LIP may be different. von have shown how the prefactor in Z e -S relations depends on the intercept parameter of the particle size distribution.
Assuming that aircraft-induced ice particles would increase the number concentration of ice particles and 
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Journal of Geophysical Research: Atmospheres therefore the particle size distribution intercept parameter, Z e -S (2) would be more applicable to the regions outside of LIP and (1) to the regions inside. This is of course just an estimate of the potential difference in the Z e -S relation. If this is the case, then the difference between precipitation rate is even larger and the snowfall rate inside of LIP is about 14 times higher than outside.
Particle Size Distribution
Several LIP events were detected in PPIs on 26 January 2012. Several of these trails passed over our measurement site in Järvenpää, 32 km NE of the Kumpula radar, as can be seen in Figure 8 . During the event, the Kumpula radar was performing regular RHI scans over the Järvenpää measurement site. Figure 9 shows the three consecutive RHIs from this time period. These observations were selected to show the evolution of the most pronounced LIP, arriving over the measurement site at 0700 UTC.
Based on these RHIs, we estimate that the LIP moves at approximately 9 m/s. The LIP front edge (Z > 10 dBZ and Z dr < 0.5 dB) reaches the measurement site at 6:55:30 UTC, the overpass of the feature takes 7 min, and the event is over at 7:03:30 UTC.
The impact of LIP on the particle size distribution is investigated with the 1-min average particle size distribution data recorded by PVI. The total number concentration N t and the slope parameter Λ of an assumed 
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Journal of Geophysical Research: Atmospheres exponential particle size distribution were calculated from PVI data. Taking into account the difference in sampling times between the radar and PVI, we consider that the PVI data recorded between 6:58 and 7:02 UTC corresponds to the passage of LIP, and data recorded before 6:54 UTC and after 7:06 UTC as outside the LIP. PVI data recorded at time intervals 6:55-6:57 and 7:03-7:05 are considered to be of an undetermined nature, meaning that the radar data sampling does not allow us to make a definitive classification. The evolution of N t and Λ is shown in Figure 10 , and one can see that the overall trend is that, within an LIP event, there are more particles and that they are larger; that is, Λ is smaller. It should be noted that around 0645 UTC there was another LIP over the measurement site, see Figure 8 , but since its boundaries were less well defined, it was not included in the study even though it shows similar N t behavior (Figure 10 ).
Summary and Discussion
By analyzing weather radar data collected during eleven years in the Helsinki region, 17 days during which several localized precipitation intensification events were identified. From these cases, supplementary lidar and/or satellite data were available for 23 events, corresponding to 6 days, and were analyzed in this study. Unfortunately, due to the local nature of the phenomena, and a fixed radar scanning strategy, the precise determination of the LIP initiation height is not always possible. Nonetheless, it appears to be higher than the precipitation top height as detected by the radar. Actually, in about 70% of the investigated cases LIP is detected to begin above the highest existing precipitation layer (Figure 3 ). In the remaining cases they may have formed above, but due to the measurement configuration, we were not able to detect them early enough.
In all cases with lidar data available, the lidar detected liquid water layers. The lowest layer was always below the precipitation top height. As can be seen from Figure 5 , on 26 January 2012 the lidar detected liquid cloud base height is at about 500 m above the ground. In Figure 9 , we can see that the precipitation intensity is intensified in the layer where the water is present. However, the LIP in this case originates at an altitude of 2 km or higher, and the lowest liquid cloud layer is not essential for the formation of LIP. 
Journal of Geophysical Research: Atmospheres
Since lidar is only capable of detecting the lowest liquid layer, satellite data were used to investigate whether there is an upper liquid cloud layer. In all cases, except for 15 February 2013, satellite data indicated the presence of a supercooled liquid or mixed-phase cloud layer above the precipitation. By comparing the LIP (Figure 4 : black dots) and cloud top heights (Figure 4 : magenta triangles) we can see that the LIP initiation height is well below the upper cloud top height in all the cases where satellite data was available. The fact that LIP is initiated above precipitation (as defined in this study) but below cloud top indicates that the initiation height of the streamer might be underestimated, partially because the start of the streamer formation cannot be seen with C-band radar since the particle size is too small. The analysis of the flightpaths confirms that aircraft were present at the altitudes where LIP are formed. It is, however, not clear whether the precipitation originates from the same cloud as detected by satellites. There are two potential scenarios: one where there are at least two cloud layers and the upper layer is perturbed by aircraft with APIPs seeding the lower precipitating cloud and one where there is only one cloud precipitating cloud layer, penetrated by an aircraft and APIPs are generated. In both scenarios, APIPs increase the number concentration of snowflakes, and therefore, the probability of ice-ice collision also increases, which leads to more efficient aggregation growth of snowflakes (Hobbs et al., 1974) . A schematic drawing of the second scenario is shown in Figure 11 . In the supporting information additional LIP examples are presented. On 24 February 2011 a number of LIP were detected as shown in Figure S1 . The RHI measurements presented in the animation MS1 show that LIPs are formed in the cloud layer that is not detected by the radar. However, around 0530 UTC this layer becomes visible, possibly due to larger scale glaciation. This supports our inference that LIP originate in supercooled liquid layers located above existing precipitation.
The temperatures at the LIP starting height are usually not cold enough (requirement is T ≤ −15°C) to produce homogenous freezing by cooling due to expansion of air over the aircraft wing ( Figure 5 ). Expansion of air behind wing tips is expected to cool the air by 20° (Gierens et al., 2009 ). However, if the actual streamer formation height is above the detected streamer initiation altitude, then the temperatures may indeed be cold enough. Alternatively, APIPs are generated by ice nuclei, which become active at colder temperatures (Woodley et al., 1991) .
Conclusions
Here we have reported that LIP events are formed when an aircraft penetrate a liquid layer and the subsequent adiabatic cooling either causes homogenous freezing of liquid cloud droplets or activates ice nuclei. The newly formed ice crystals appear to increase the snowflake number concentration in the preexisting precipitation. We advocate that the increase in ice number concentration leads to higher probability of ice-ice collisions and therefore to initiation of aggregation growth of snowflakes. This hypothesis is supported by the surface observations of the evolution of N t and Λ as the LIP passed over the ground measurement site in Järvenpää; during the event we detected an increase in N t values accompanied by a reduction in Λ values. This process appears to be responsible for the abrupt intensification of snowfall by a factor of 6 to 14. Dual-polarization radar observables, such as Z dr and ρ hv , show a clear response, with differential reflectivity values detectably lower and copolar correlation coefficient values higher within a LIP event.
Even though our study supports the hypothesis that the LIP has an anthropogenic cause, the reported phenomenon demonstrates how cloud-to-precipitation processes work in mixed-phase clouds and what processes could be responsible for the intensification of precipitation occurring under natural conditions. 
